Since it was first realized that biological energy transduction involves oxygen and ATP, opinions about the amount of ATP made per oxygen consumed have continually evolved. The coupling efficiency is crucial because it constrains mechanistic models of the electron-transport chain and ATP synthase, and underpins the physiology and ecology of how organisms prosper in a thermodynamically hostile environment. Mechanistically, we have a good model of proton pumping by complex III of the electron-transport chain and a reasonable understanding of complex IV and the ATP synthase, but remain ignorant about complex I. Energy transduction is plastic: coupling efficiency can vary. Whether this occurs physiologically by molecular slipping in the proton pumps remains controversial. However, the membrane clearly leaks protons, decreasing the energy funnelled into ATP synthesis. Up to 20% of the basal metabolic rate may be used to drive this basal leak. In addition, UCP1 (uncoupling protein 1) is used in specialized tissues to uncouple oxidative phosphorylation, causing adaptive thermogenesis. Other UCPs can also uncouple, but are tightly regulated; they may function to decrease coupling efficiency and so attenuate mitochondrial radical production. UCPs may also integrate inputs from different fuels in pancreatic β-cells and modulate Key words: mitochondrion, oxidative phosphorylation, P/O ratio, proton leak, uncoupling protein (UCP). Abbreviations used: ANT, adenine nucleotide translocase; H + /O ratio, H + /2e ratio, H + /ATP ratio, number of protons translocated across the mitochondrial inner membrane for each oxygen atom reduced to water, pair of electrons transferred from donor to acceptor, or ATP synthesized; P/O ratio, number of ATP molecules made by mitochondria from ADP for each oxygen atom consumed during substrate oxidation and oxidative phosphorylation; ROS, reactive oxygen species; UCP, uncoupling protein. 1 email martin.brand@mrc-dunn.cam.ac.uk insulin secretion. They are exciting potential targets for treatment of obesity, cachexia, aging and diabetes.
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Why should we care how much ATP mitochondria make?
How many ATP molecules can mammalian mitochondria make from ADP for each oxygen atom they consume during substrate oxidation and oxidative phosphorylation? This number is known as the P/O ratio. In the context of the chemiosmotic theory, this question can be broken down into two smaller ones: how many protons do mitochondria pump out for each oxygen atom consumed (the H + /O ratio) or electron pair transferred from a electron donor to an acceptor (the H + /2e ratio), and how many protons must flow back to the matrix for each ADP molecule phosphorylated to ATP (the H + /ATP ratio)? These may be simple questions, but attempts to answer them go back to the roots of bioenergetics and biochemistry. Although much progress has been made, we still do not have the final answers.
Much of an animal's physiology and ecology is driven by its energetics, and animal life is dominated by the processes of acquiring nutrients from plants or other animals, ensuring a suitable supply of oxygen to oxidize them, and making ATP in sufficient quantities and rates to survive, reproduce and keep ahead of competitors. The P/O ratio is very important in these relationships: most biochemical processes consume a fixed amount of ATP per cycle, so the value of the P/O ratio affects how much oxygen is needed to run such processes. If we obtained a little more or a little less ATP per oxygen, then we might alter the constraints under which our lungs, heart and circulation, digestive system and muscles labour. In terms of one of the major pathologies of westernized humans, if we could make less ATP for a given nutrient intake, the danger of obesity would be less. Similarly, the ecology of animals is intimately tied in to their energy budgets: it is no accident that energy-efficient reptiles outnumber energy-expensive mammals in hot desert environments.
What determines the P/O ratios (and the H + /O and H + / ATP ratios) that biology uses? P/O ratios could, in principle, have any value, just as the gears on a bicycle can be set to any gearing ratio. The trade-off is the same: if you make large amounts of ATP at high P/O ratio, there is only a fixed amount of power available from substrate oxidation, so you obtain it at very low phosphorylation potential. You can cycle further and faster in high gear. Conversely, if biology operated at very small P/O ratios, not much ATP would be made, but it could be delivered at very high potential. You can cycle up steep hills in low gear. Evolution will have favoured P/O ratios that deliver ATP at a phosphorylation potential appropriate to the reactions that it drives. The second aspect of the problem is the mechanistic constraints. Very large P/O ratios are difficult to achieve because the energy needs to be divided up into tiny packets before ATP is made (this is, of course, what metabolism achieves when glucose is burnt, and the energy is released in relatively small packets rather than all at once as it is in simple combustion). To get energy from glucose oxidation in still smaller packets would require more complex chemistry and biochemistry, which will limit the attainment of very large P/O ratios. Very small P/O ratios are difficult to achieve because the energy needs to be accumulated in a large reservoir before being used to make a small amount of ATP. To accumulate the energy from the oxidation of several glucose molecules to make a single ATP would also require complex machinery and energy pools at high potential that might be hard to maintain.
Knowing the values of P/O, H + /O and H + /ATP ratios is crucially important to quantitative biological energetics. There are still many studies in which the yield of ATP is calculated from the oxygen consumed, often with a simple (but incorrect) assumption of a P/O ratio of 3, or 2.5. The values are also crucial for mechanistic bioenergetics, to set the constraints for, and to help unravel, the mechanisms of the redox proton pumps and the ATP synthase. A central requirement of any proposed mechanism of proton pumping by complex I of the electron-transport chain, for example, is that it translocates the correct number of protons across the membrane.
What is the maximum amount of ATP made by mitochondria per oxygen atom consumed?
The history of this question has been dogged by the implicit assumption that the answer should be a small integer. We now know that this is not so, but we may still be subject to this alluring expectation. Integral coupling stoichiometries would be expected if the coupling mechanism involved simple oneto-one chemical reactions, so P/O ratios might be 1, 2 or 3. This is the historical sequence: an initial assumption that one ATP would be made per oxidation reaction as there is in substrate-linked glycolytic oxidation reactions, followed by empirical discovery that more than one ATP (and later more than two ATPs) is made per oxygen, suggesting a sequential chain of ATP synthesis reactions. The outmoded textbook result of three coupling sites for ATP synthesis and a P/O ratio of 3 is based on this implicit assumption of integral stoichiometries (reviewed in [1] [2] [3] ). A big advantage of these old-fashioned integral coupling ratios is that they are conceptually simple and very easy to remember, which may partly explain their tenacity in the face of overwhelming empirical evidence that they are wrong. A more modern view [2, 3] takes into account the chemiosmotic theory, and expects the P/O ratio to be a function of other small integers; the H + /O ratio that describes the formation of the protonmotive force, divided by the H + /ATP ratio that describes its consumption. Other linked reactions that also translocate protons during oxidative phosphorylation from physiological substrates, such as the protons used in shuttling NADH equivalents from the cytoplasm to the electrontransport chain, have to be accounted for as well, adding more small integers to the calculations. However, we should not lose sight of the possibility that the coupling mechanisms of the proton pumps may turn out to be at least partially field-driven, resulting in continuously variable values of the coupling stoichiometries, with no integral values even at the level of individual reactions.
It is generally agreed that cytochrome c oxidase, complex IV, pumps two protons per oxygen atom reduced, and also translocates two electrons from cytochrome c on the cytoplasmic face to the matrix face of the membrane, where two protons are consumed in the generation of water. These reactions give an H + /2e ratio of 2 and a charge/2e ratio of 4, with four protons removed from the matrix side of the membrane and two protons appearing on the cytoplasmic side. Although the broad outlines are clarifying, the exact mechanism of proton pumping by the oxidase is still unclear [4] . The cytochrome bc 1 complex, complex III, uses the Qcycle [4] , and translocates protons with an H + /2e ratio of 4, but a charge/2e ratio of only 2 since two protons per electron pair are released on the cytoplasmic side by scalar reactions. It is the charge/2e ratio, rather than the H + /2e ratio, that mainly determines the amount of ATP that can be made at a coupling site, since the protonmotive force is expressed mostly as a membrane potential, rather than as a pH gradient. The cytochrome bc 1 complex and cytochrome c oxidase together translocate six protons per oxygen and six charges per oxygen atom consumed. The coupling stoichiometry of NADH-Q oxidoreductase, complex I, is less certain. Despite the paucity of direct evidence, most workers assume that it translocates four protons per electron pair and four charges per electron pair. The mechanism of proton pumping is not established. Thus the full chain from NADH to oxygen is believed to translocate ten protons per oxygen atom consumed, and the chain from succinate to oxygen translocates six protons per oxygen consumed. This value of 6 for the H + /O ratio of mitochondrial succinate oxidation was originally found empirically nearly 30 years ago [5] , and is part of a consensus about the H + /O ratios of the mitochondrial electron-transport chain that has now remained stable for more than a decade [2] .
The value of the H + /ATP ratio is less certain. A value of approx. 4, made up of three protons per ATP on the ATP synthase and one proton per ATP on the phosphate and adenine nucleotide carriers, is supported by equilibrium thermodynamic measurements in broken mitochondria, but exceeds the values from thermodynamic or kinetic experiments in intact mitochondria. Until recently, the main support for a total of four protons transported for each ATP synthesized by mitochondria was that it fitted the accepted H + /O and P/O ratios. More recently, theoretical arguments based on a model of the ATP synthase in which rotation is driven by protons passed on by sequential c-subunits in the membrane sector, F o , allied to the observation of three ATP synthase active sites and ten c-subunits in the yeast enzyme [6] , suggest that ten protons may need to pass through the ATP synthase for every three ATPs made. Together with the requirement for one proton used to import ADP and phosphate and export each ATP, this predicts an overall H + /ATP coupling stoichiometry of 13/3 in mammalian mitochondria. For a graphic representation of the mechanisms that give rise to this coupling ratio, see http://www.tcd.ie/Biochemistry/IUBMBNicholson/swf/ATPSynthase.swf. This H + /ATP ratio of 4.33 is slightly greater than the consensus integral value of 4 that was previously accepted [2] , necessitating a downwards recalculation of the maximum P/O ratios that mitochondria can achieve. Because of the inherent difficulties in making sufficiently accurate measurements of P/O ratios, there is a general view that values based on experiment but finetuned by theory are superior to those based on measurement alone. Whether this is a valid approach should eventually be resolved by more detailed experimentally supported models of the proton-translocation reactions in complex I and the ATP synthase.
We now have a new consensus view among mitochondrial bioenergeticists, based as much on theory as it is on observation, and therefore subject to further revision in the future (see also [3, 4] ). For NAD-linked substrates, the H + /O ratio is 10, the H + /ATP ratio is 13/3, and the maximum P/O ratio is near to 2.31 (Table 1) . It is important to stress that the P/O ratio in this model is not an approximation to any integer, but is a fraction of relatively small integers, in this case it is simply 10 × (3/13), which has the value 2.30769(230769) ∞ . For succinate and other FAD-linked substrates, the H + /O ratio is 6, the H + /ATP ratio is 13/3, and the maximum P/O ratio is near to 1.38 (Table 1) . However, textbook authors and researchers not directly involved in the arguments about stoichiometries have remained cautious in adopting the new values, sometimes still preferring to use the older, apparently less controversial, P/O ratios. This is unfortunate, since the ramifications of these lower P/O ratios are considerable in cellular bioenergetics. In particular, the yield of ATP during metabolism is approx. 20-30% less than the classical P/O ratios suggest, and calculations based on the classical values can lead to large errors in the calculated energy budgets of cells and organisms.
Using the new consensus values, the maximum possible yield of ATP from the complete mitochondrial oxidation of palmitate is just under 96.5 ATP molecules per palmitate, not 129 as given by standard textbooks, with a maximum overall P/O ratio of only approx. 2.1, not 2.8 as conventionally supposed ( Table 1 ). The maximum possible yield of ATP from the complete oxidation of glucose in a cell that uses the malate-aspartate shuttle for transfer of reducing equivalents into the mitochondrial matrix will be just over 28.9 ATP molecules per glucose (27.5 if the glycerol phosphate shuttle is used instead), not 38 as given by standard textbooks, with a maximum P/O ratio of only 2.41 (2.29 if the glycerol phosphate shuttle is used), not 3 as sometimes supposed (Table 1) [2] .
Slip reactions
The values for P/O ratios given above are the maximum attainable according to our current understanding of the coupling mechanisms. However, if the proton pumps themselves are not perfectly coupled, they may slip, particularly at high protonmotive force or high rate, resulting in less protons pumped by the electron-transport-chain complexes for each electron pair transferred or less ATP made by the ATP synthase for each proton driven through it. Such slip reactions lead to lower and more plastic overall P/O ratios than those discussed above.
It is not difficult to envisage slip reactions in the mechanisms of the proton-pumping machinery [7] . In complex III, if occasional electrons bypass the b haems, less protons will be pumped. It seems that complex III is well-designed to minimize this possibility, perhaps by requiring physical movement of part of the iron-sulphur protein to distribute electrons correctly [4] , but such mechanisms are unlikely to be perfect. In complex IV, blocking the channels that allow protons access to the central mechanism may not fully prevent electron flow, but generates a slipping enzyme. In the ATP synthase, the rotational mechanism may not always be strictly coupled to proton flow, particularly when nucleotide concentrations are low [8] , leading to less than maximal ATP production.
Analysis of slip reactions is very useful for probing the mechanisms of proton pumping by bioenergetic complexes. Whether it occurs under physiological conditions in cells remains uncertain: we have provided evidence that it does not [9, 10] , but others have argued that it does [7] .
Leak reactions lower effective P/O ratios
A second way that P/O ratios may fall below their maximum values is by leaks of protons across the coupling membrane, so that pumped protons leak back and are not available to drive ATP synthesis. Such proton leaks are major pathways that profoundly alter the bioenergetics of mitochondria within isolated cells [11] [12] [13] .
It is well known that isolated mitochondria leak protons: oxygen consumption is readily measurable in the absence of ATP synthesis, and it drives a futile steady-state cycle of proton pumping and proton leak. Surprisingly, the proton leak is high in mitochondria within intact cells such as isolated primary hepatocytes, where, despite large speciesdependent differences in the proton conductance of isolated mitochondria [14, 15] , it makes up a very similar proportion of total cellular respiration rate (approx. 20%) across a range of vertebrate and invertebrate species (Table 2 ). This makes it the single most important energy sink in these cells in vitro. In perfused rat muscle, the contribution made by proton leak is even greater, measured as 35% in contracting preparations Table 1 Maximum extra-mitochondrial ATP yields and P/O ratios for the oxidation of succinate or pyruvate plus malate by isolated mammalian mitochondria, and oxidation of glucose, glycogen or palmitate by mammalian cells (a) Succinate enters mitochondria on the dicarboxylate carrier in exchange for malate. It is oxidized to fumarate, reducing the FAD in succinate dehydrogenase to FADH 2 , which is oxidized by the electron-transport chain causing the translocation of six protons from the matrix to the intermembrane space. The fumarate is converted into malate by fumarase and exits in exchange for incoming succinate. The six protons re-enter the matrix through the ATP synthase with an H + /ATP ratio of 13/3 (see text), causing phosphorylation of a little more than 1.384 ATP molecules per oxygen atom reduced to water. (b) Pyruvate enters mitochondria on the pyruvate carrier (electroneutrally with a proton that is eventually exported with citrate) and is oxidized to acetyl-CoA by pyruvate dehydrogenase, and malate is oxidized to oxaloacetate by malate dehydrogenase, forming two NADH and citrate, which exits the mitochondria on the tricarboxylate carrier in exchange for incoming malate. The two NADH are oxidized, causing pumping of 20 protons, generating just over 4.615 ATP with a P/O ratio of just above 2.307. (c) Glucose is oxidized in cells by glycolysis to two pyruvate, using two ATP, but generating four ATP and two NADH, which enter the mitochondria by the glutamate aspartate (Glu/Asp) shuttle for reducing equivalents, driven by re-entry of two of the 20 subsequently pumped protons, or by the glycerol phosphate (αGP) shuttle, allowing the reducing equivalents to enter the electron-transport chain without passing through complex I, so pumping 12 protons, eight less than normal for NADH. The two pyruvate from glycolysis are fully oxidized by the TCA (tricarboxylic acid) cycle, generating eight NADH and two FADH 2 , which pump 92 protons, and two GTP, which can formally be converted into ATP and exported to the cytoplasm, using two pumped protons. The sum of 108 (or 102) pumped protons yield just over 24.9 (23.5) ATP, giving total ATP yields and P/O ratios as shown. (d) Glycogen oxidation requires one fewer ATP per glucose unit than glucose oxidation does, as glucose 6-phosphate is generated without ATP consumption, yielding higher overall P/O ratios. (e) Palmitate activation to palmitoyl-CoA generates AMP from ATP, effectively using two ATP. Palmitoyl-CoA enters the matrix electroneutrally as palmitoyl carnitine on the carnitine transporter. β-Oxidation to acetyl-CoA yields seven NADH and seven FADH 2 , then oxidation of eight acetyl-CoA in the TCA cycle yields 24 NADH, eight FADH 2 and eight GTP. The overall P/O ratio is just under 2.1. Oxidation of other fatty acids gives slightly different yields and P/O ratios. [54] and 50% in resting muscle. The sum of the proton-cycling rates in different organs of the rat suggests that up to 20-25% of its basal metabolic rate may be devoted entirely to driving this futile cycle (Table 2) . In hepatocytes, non-mitochondrial oxygen consumption accounts for another 20% of the total oxygen-consumption rate, so only approx. 60% of the oxygen used by these cells is used for ATP synthesis. Thus the effective P/O ratio for oxidation of palmitate in isolated liver cells is only approx. 1.3 (2.1 × 0.6 = 1.26) and the effective P/O ratio for oxidation of glucose is only approx. 1.4 (2.4 × 0.6 = 1.44). These values for the effective P/O ratio will depend on ATP demand, since the proportion of cellular respiration that is used to drive the proton leak often decreases as more ATP is made. They must be measured or calculated for any particular cellular system before attempts are made to estimate ATP production from oxygen-consumption rate. Whether effective P/O ratios are as low in vivo as they are in vitro remains to be established: recent measurements of P/O ratios in vivo [16] suggest that, at least in muscle, coupling may be better than it is in perfused, highly oxygenated preparations [17] , although both types of experiment are demanding and can be criticized on technical grounds.
Aerobic
The pathway of the basal proton conductance of mitochondria has been elusive. Liposomes made from mitochondrial phospholipids are considerably less proton-permeable than native mitochondria [18] , and proton conductance is the same in liposomes prepared from mitochondria with very different endogenous proton conductances [19] , therefore simple diffusion through bulk regions of the membrane bilayer does not explain the proton conductance, and other components of the mitochondrial membrane must be involved. As well as the basal proton conductance discussed above, mitochondria have an inducible proton conductance catalysed (in brown adipose tissue) by UCP1 (uncoupling protein 1). However, neither UCP1 nor the related UCP2 and UCP3 catalyse the basal proton conductance, since it remains the same in mitochondria from UCP-knockout mice [20] . Recent studies have thrown light on this problem: basal proton conductance is halved in muscle mitochondria from mice in which ANT1 (adenine nucleotide translocase) has been ablated, and varies linearly as the carboxyatractylate-inhibited ANT content of Drosophila mitochondria is manipulated genetically, suggesting strongly that a substantial part of the basal proton conductance of mitochondria is caused by the presence (not the activity) of ANT in the membrane [21] .
UCPs
In addition to the basal proton conductance, some mitochondria contain specialized UCPs whose function is to catalyse a regulated inducible proton conductance. The classic example is UCP1, the most abundant protein in the mitochondria of brown adipose tissue of small rodents and newborn humans, which executes adaptive thermogenesis [22, 23] . In response to cold, the sympathetic nervous system releases noradrenaline in brown adipose tissue, activating protein kinase A. Chronically, protein kinase A activation causes hypertrophy of brown adipose tissue and up-regulates the expression of UCP1. Acutely, it stimulates hormonesensitive lipase, which hydrolyses triacylglycerol stores to release fatty acids. The fatty acids act as a substrate for electron transport, and simultaneously activate the proton conductance of UCP1, resulting in uncoupling of electron transport from ATP synthesis. The consequent uncoupled respiration allows rapid fatty acid oxidation and produces heat, which is distributed to the rest of the body by the circulation.
The regulation of UCP1 is apparent from the properties of isolated brown adipose tissue mitochondria. As isolated, they are uncoupled by the activity of UCP1. If both BSA (a chelator of contaminating fatty acids) and purine nucleotides such as GDP or ATP are added, UCP1 activity is prevented and coupling appears [24, 25] . The inhibition by nucleotides is competitively overcome by fatty acids [24, 26, 27] , leading to the model for UCP1 activation shown in Figures 1(a), 1(c) and 1(e) . Isolated brown adipose tissue mitochondria have a modest UCP1-mediated proton conductance owing to the absence of inhibitory nucleotides (Figure 1a) . In the resting brown adipose cell, however, endogenous concentrations of nucleotides, chiefly ATP, keep UCP1 fully inhibited (Figure 1c) . Under noradrenaline stimulation, the concentration of fatty acids rises sharply, and fatty acids compete with nucleotides, overcoming their inhibitory effect and allowing uncoupling through UCP1 (Figure 1e) .
Activation of the proton conductance of UCP2 and UCP3
UCP1 is found in brown adipose tissue, and does not contribute to the proton conductance of mitochondria from In the absence of physiological concentrations of ATP, proton conductance is modest (UCP1) or very low (other UCPs) (a), but can be activated by ROS (b) [55] [56] [57] . In the presence of ATP, proton conductance is inhibited whether ROS are absent (c) or present (d) [29, 32, 58] . Fatty acids prevent inhibition by ATP [24, 26, 27] , so, in the presence of ATP and fatty acids (fa), proton conductance is modest or absent (e) unless ROS are present to allow activity (f). Thus, at physiological concentrations of ATP, UCPs only uncouple if both ROS and fatty acids are present (f).
tissues such as skeletal muscle. The discovery of the UCP1 homologues, UCP2 and UCP3, in tissues such as lung, spleen, brain and skeletal muscle raised the possibility that they too contribute to inducible proton leak [28] . However, UCP2 and UCP3 do not uncouple unless they are first activated [13] . The nature of the activators remained unknown until the discovery that generation of exogenous superoxide was able to cause a UCP-dependent nucleotide-sensitive proton conductance in mitochondria isolated from skeletal muscle (UCP3) [29] , brown adipose tissue (UCP1) [29] or kidney (UCP2) [29, 30] . Other activators include a carbon-centred radical generator, reactive alkenals such as hydroxynonenal, and fatty acid or alkenal analogues, and inhibitors of activation include carbon-centred radical quenchers [31] [32] [33] [34] [35] .
These considerations led to a working model of physiological UCP activation in which superoxide produced by the electron-transport chain attacks the polyunsaturated acyl chains of membrane phospholipids to generate carboncentred fatty acyl radicals, propagating chain reactions that produce lipid hydroperoxides and ultimately form reactive alkenals such as hydroxynonenal, the proximal UCP activator [32] [33] [34] [35] . In this model, activation of UCP2 and UCP3, and perhaps also UCP1, by this ROS (reactive oxygen species) pathway is essential before their proton conductance is competent. As shown in Figure 1 , the UCPs would be inactive (or only weakly active) in the absence of ROS, but once the ROS pathway was activated, regulation by nucleotides and fatty acids would be the same for UCP2 and UCP3 as discussed above for UCP1, and the fully active state (Figure 1f ) would be achieved in vivo only when the UCP was activated by the ROS pathway and inhibition by endogenous ATP was overcome by raised fatty acid concentrations.
Physiological roles of UCP2, UCP3 and related UCPs
What is the function of the plasticity of the coupling of mitochondrial energy transduction revealed by the inducible, regulated uncoupling activity of the UCPs? There are three situations where tight coupling appears to be sacrificed in favour of UCP-regulated looser coupling [36] .
The first, and probably ancestral, function of regulated uncoupling by UCPs may be to attenuate the production of damaging ROS by the mitochondrial electron-transport chain [34] [35] [36] . Mitochondrial ROS production is thought to be central to oxidative stress, cellular senescence and aging. Under conditions of high oxygen tension and low ATP demand in the presence of high concentrations of substrate (particularly fatty acids [37] ), respiratory control of the electron-transport chain leads to high protonmotive force and a reduced state of the electron carriers. These conditions strongly favour the production of superoxide by complex I following reverse electron transport, and by complex III and glycerol phosphate dehydrogenase. ROS production by complex I is exquisitely sensitive to protonmotive force [38] , so the mild uncoupling induced by ROS activation of UCPs limits protonmotive force and attenuates ROS production. In this model, UCPs would have little effect on oxidative phosphorylation when ATP demand is high, but would cause mild uncoupling and would slightly lower the effective P/O ratio when a tissue such as muscle is resting but still perfused with substrate and oxygen and poised to do work.
The second, probably more recently evolved, function of regulated uncoupling by UCPs is thermogenesis in response to cold or excess caloric intake. This is the main function of UCP1 in brown adipose tissue in rats and mice, as discussed above. However, mice in which UCP2 or UCP3 have been knocked out have normal adaptive thermogenesis and are not obese, implying that, unlike UCP1, UCP2 and UCP3 have no role to play in adaptive thermogenesis. Nevertheless, UCP3-knockout mice are resistant to the thermogenic effects of 3,4-methylenedioxymethamphetamine (the recreational drug ecstasy) [39] , suggesting that it is possible for UCP3 to be recruited pharmacologically in mammalian muscle to give significant heat production. It is not clear whether there are physiological situations where muscle UCP3 is significantly thermogenic, but it remains a potential target for drugs to increase peripheral energy expenditure and so help to treat obesity.
Birds represent a separate lineage of warm-blooded vertebrates, and have developed adaptive thermogenesis without having brown adipose tissue or UCP1. Instead, they probably use skeletal muscle for non-shivering adaptive thermogenesis. Avian UCP is expressed in muscle, and its expression and activity are strongly induced in mitochondria from king penguins when they first acquire adaptive thermogenesis following exposure to cold water [40] . This suggests that uncoupling by avian UCP may contribute to adaptive thermogenesis in bird muscle, although a primary role in protection against oxidative stress has not yet been ruled out.
The third function of regulated uncoupling by UCPs appears to be in signalling. The best example comes from the interaction between UCP2 and glucose-stimulated insulin secretion in the β-cells of pancreatic islets. The main function of β-cells is to monitor blood glucose and release insulin when glucose is high. They do this, at least in part, by exploiting an unusual bioenergetic design [41] : when glucose rises, it is oxidized faster, raising the mitochondrial protonmotive force and the cytoplasmic phosphorylation potential. High ATP and low ADP inhibit plasma membrane K ATP channels, depolarizing the plasma membrane and allowing voltagegated calcium channels to open. The rise in cytoplasmic calcium triggers exocytosis of insulin-containing vesicles. Activation of UCP2 partially short-circuits this pathway by causing mild uncoupling. A plausible regulator of UCP2 function is fatty acid oxidation, which raises β-cell ROS production, activates the proton conductance of UCP2 and attenuates insulin secretion. This may be a pathological side effect of a protective mechanism that limits ROS production and islet damage during lipotoxicity or hyperglycaemia, but helps cause Type II diabetes in humans following a Western lifestyle [30, [42] [43] [44] [45] . It may also be a physiological mechanism to regulate the use of fatty acids and glucose as fuels [35, 36] .
Conclusions
The coupling efficiency of oxidative phosphorylation is crucial to constraining mechanistic models of the molecular catalysts involved, and central to the physiology, pathology and ecology of energy metabolism. Despite 50 years of work, we still lack a full and detailed understanding of this fascinating problem. The plasticity of mitochondrial coupling efficiency appears to be very important, with regulated uncoupling by mitochondrial UCPs underpinning physiological processes such as adaptive thermogenesis, prevention of oxidative damage and insulin secretion. It may also play a major part in slowing aging, in protecting against neurological and circulatory diseases caused by oxidative stress, and in dysfunctions of energy metabolism in obesity and diabetes.
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